We have previously shown that increased and deregulated estrogen receptor a expression in the mammary gland leads to the development of proliferative disease and cancer. To address the importance of cyclin D1 in ERa-mediated mammary tumorigenesis, we crossed ERa-overexpressing mice with cyclin D1 knockout mice. Mammary gland morphogenesis was completely interrupted in the ERa-overexpressing cyclin D1-deficient triple transgenic mice. In addition to a highly significant reduction in mammary epithelial cell proliferation, cyclin E was upregulated resulting in DNA damage checkpoint activation and apoptosis. This imbalance between proliferative and apoptotic rates in conjunction with remarkable structural defects and cellular disorganization in the terminal end buds interrupted ductal morphogenesis. Interestingly, the structure of the mammary fat pad was fundamentally altered by the consequences of overexpressing ERa in the epithelial cells in the absence of cyclin D1 illustrating how alterations in the epithelial compartment can impact surrounding stromal composition. Transplantation of embryonic ERa-overexpressing and cyclin D1-deficient mammary epithelium into the cleared fat pad of wild-type mice did not rescue the aberrant mammary gland phenotype indicating that it was intrinsic to the mammary epithelial cells. In conclusion, although cyclin D1 is not essential for proliferation of normal mammary epithelial cells, ERa-overexpressing cells are absolutely dependent on cyclin D1 for proliferation. This differential requirement for cyclin D1 in normal vs abnormal mammary epithelial cells supports the application of cyclin D1 inhibitors as therapeutic interventions in ERa-overexpressing breast cancers.
Introduction
The developing mammary gland displays many properties related to tumor progression such as invasion of the terminal end bud (TEB) through the fat pad (Wiseman and Werb, 2002) . TEBs are highly mitotic and motile structures, which aggressively advance through the stroma and branch by bifurcation until they reach the end of the fat pad when they regress and disappear (Hinck and Silberstein, 2005) . Perturbations in the balance between proliferative activity and apoptosis can contribute to both abnormal development and cancer. These two processes must act in concert in order to provide normal TEB and ductal growth. In addition, the correct cellular organization of the TEB is essential for its development and function. The strategic localization of myoepithelial cells allows the communication between luminal cells and the stroma, playing an indispensable role in cell growth, differentiation, maintenance of the epithelial architecture and carcinogenesis (Deugnier et al., 2002) .
Cell cycle progression is tightly controlled to ensure proper proliferation of cells. Cyclins D (D1, D2 and D3) and cyclin E regulate G 1 to S phase cell cycle progression. The cyclin D1 protein is overexpressed in 30-50% of human breast cancers and the gene is amplified in approximately 15% of breast cancers (Sutherland and Musgrove, 2004) . Cyclin D1 and estrogen receptor a (ERa) are frequently co-expressed in human ductal hyperplasia and breast cancer (Shoker et al., 2001) . Moreover, cyclin D1 expression positively correlates with ERa expression in ductal carcinoma in situ (DCIS) (Oh et al., 2001) . The cyclin E protein is overexpressed in approximately 40% of breast cancers while gene amplifications are rare (Sutherland and Musgrove, 2004) . Cyclin D1 knockout mice undergo normal pubertal mammary gland development but they fail to develop lobuloalveolar structures during pregnancy (Fantl et al., 1995; Sicinski et al., 1995) . Cyclin D1 appears to play a very specific role in mammary gland development since the lobuloalveolar defect in cyclin D1 knockout mice occurs even in the presence of cyclin D2 and D3 overexpression (Yu et al., 2001) . Genetic replacement of cyclin D1 by cyclin D2 can drive nearly normal mammary gland development even during pregnancy (Carthon et al., 2005) . Cyclin D1 and E are considered weak oncogenes since their overexpression results in the formation of long-latency mammary adenocarcinomas (Sutherland and Musgrove, 2004) . In addition, these proteins seem to have redundant functions in mammary gland development since the cyclin D1 knockout phenotype can be rescued by genetic replacement with cyclin E (Geng et al., 1999) . Previous studies showed that cyclin E overexpression causes DNA damage and checkpoint activation (Spruck et al., 1999; Ekholm-Reed et al., 2004; Bartkova et al., 2005; Minella et al., 2007) . Aberrant stimulation of cell proliferation leads to DNA replication stress, doublestrand breaks, genomic instability, activation of DNA damage checkpoints and p53-dependent apoptosis or cell cycle arrest to ensure genomic integrity (Gorgoulis et al., 2005) .
We have previously shown that increased and deregulated expression levels of nuclear-localized ERa in mammary epithelial cells (MECs) of transgenic mice (conditional estrogen receptor in mammary tissue (CERM) model) leads to the development of DCIS (Frech et al., 2005) . This mechanism is consistent with one of the proposed etiology of human DCIS; that is, increased ERa expression in preneoplasia and DCIS is correlated with an increased risk of developing ERapositive invasive breast cancer (Shoker et al., 1999) . Also in correlation with human disease, DCIS lesions in the CERM model are ERa/PR-positive and they demonstrate high proliferative rates and overexpression of cyclin D1.
To investigate whether cyclin D1 is an essential contributor to the development and progression of ERa-induced mammary cancer, cyclin D1 knockout mice were crossed with ERa-overexpressing mice. Understanding how ERa driven breast cancers originate constitutes a major step toward identifying novel molecular targets for developing more effective and less toxic approaches for patients at high risk of developing invasive disease.
Results
Loss of cyclin D1 completely interrupted mammary gland development in CERM mice Cyclin D1 is not required for pubertal mammary gland development in mice that have normal ERa expression levels (Fantl et al., 1995; Sicinski et al., 1995) . However, when loss of cyclin D1 was introduced in mice with deregulated ERa expression (CERM D1À/À mice), mammary gland development was interrupted. This phenotype was specific to CERM D1À/À mice and not observed in any of the control mice (Po0.0001, Fisher's exact test). We performed a time course study to determine the onset of abnormal development. Neonatal mammary gland development was relatively normal in CERM D1À/À mice (Figures 1a and b) . Pubertal CERM D1À/À mammary glands showed significantly reduced numbers of TEBs per gland (6.5±1.6) Figure 1 Loss of cyclin D1 completely interrupted mammary gland development in conditional estrogen receptor in mammary tissue (CERM) mice. Mammary gland whole mounts (a-f large panels and a-d inserts) and H&E sections (e and f inserts) from nulliparous 1-, 6-and 12-week-old female CERM and CERM D1À/À mice. Arrowheads indicate primary duct in CERM (a) and CERM D1À/À (b) mammary glands. Black arrows indicate terminal end buds (TEBs) in CERM (c) and CERM D1À/À (d) glands. Impaired ductal morphogenesis in CERM D1À/À mice (f) characterized by absence of fat and epithelial cells and high numbers of fibroblasts (f insert) compared to adequate ductal development in CERM mice (e and e insert). compared to CERM (18.3±0.9) (P ¼ 0.0006, t-test) (Figures 1c and d) . The phenotype progressed such that by 12 weeks, mammary glands were characterized by almost complete absence of fat and epithelial cells, remarkably high numbers of fibroblasts (Figures 1e and f, e and f inserts) and abnormally increased amounts of collagen deposition as demonstrated by Sirius Red staining (Supplementary Data). This phenotype was present throughout the mammary gland fat pad in both whole mounts and H&E sections.
Cyclin E was upregulated in epithelial cells composing CERM D1À/À TEBs We first confirmed that cyclin D1 was expressed in CERM but was undetectable in CERM D1À/À mammary glands (Figures 2a and b) . We then hypothesized that low levels of cyclin D2 and D3 expression in CERM D1À/À glands were not able to compensate for the loss of cyclin D1 interrupting ductal development. Immunohistochemical staining demonstrated that nearly all cells within CERM and CERM D1À/À TEB demonstrated nuclear-localized cyclin D2 and D3 (Figures 2c-f ). We then investigated cyclin E expression levels in CERM and CERM D1À/À glands. There was a highly significant increase in the mean percentage of cells that demonstrated nuclear-localized cyclin E within CERM D1À/À TEBs (68.7% ± 6.6) compared to CERM TEBs (16.2% ± 8.6) (Po0.0007, Mann-Whitney test; Figures 2g and h ). However, pubertal mammary gland development in CERM D1À/À mice was still interrupted.
CERM D1À/À TEBs demonstrated a significantly reduced number of MECs and disorganization of the myoepithelial cell layer CERM D1À/À TEBs showed a significantly reduced mean number of MECs (42.0±3.1) compared to CERM TEBs (218.3±14.0) (Po0.0001, Mann-Whitney test) (Figures 3a and b ). Immunohistochemical staining of CERM D1À/À TEBs using two myoepithelial cell markers, smooth muscle actin (SMA) and p63, demonstrated structural defects with disorganization of the myoepithelial cell layer and infiltration of these cells into the body of the TEB (Figures 3c-f ). Since CERM D1À/À TEBs showed large empty luminal spaces and exaggerated subcapsular spaces, the expression patterns of adhesion proteins were investigated. P-cadherin is selectively expressed by cap cells and E-cadherin is expressed only by body cells (Daniel et al., 1995) . Immunohistochemical staining of P-and E-cadherin on CERM D1À/À TEBs demonstrated normal expression patterns of these adhesion proteins (Figures 3g-j) . The phenotype of the CERM D1À/À TEB described above was uniformly observed in all serial sections analysed.
MECs within CERM D1À/À TEBs demonstrated significantly reduced proliferative and significantly increased apoptotic rates Assessment of proliferation was performed by Ki67 immunostaining in MECs composing the TEBs of CERM and CERM D1À/À mammary glands. There was a highly significant decrease in the mean percentage of MECs within TEBs that demonstrated nuclearlocalized Ki67 in CERM D1À/À (38.0% ± 2.2) compared to CERM (76.0%±2.6) glands (P ¼ 0.0007; Mann-Whitney test) (Figures 4a-c) . Apoptotic rates by TUNEL assay were significantly increased in the MECs within CERM D1À/À TEBs (9.04%±1.5) compared to CERM TEBs (5.05%±1.0) (P ¼ 0.03, Mann-Whitney test) (Figures 4d-f ).
MECs within CERM D1À/À TEBs expressed markers of an activated DNA damage response The occurrence of a DNA damage response can be ascertained by immunohistochemical detection of wellcharacterized antibodies such as serine 139-phosphorylated histone H2AX (gH2AX), threonine 68-phosphorylated Chk2 (pT-Chk2) and serine 15-phosphorylated p53 (pS-p53) (Bartkova et al., 2005; Gorgoulis et al., 2005) . The mean percentage of MECs within TEBs demonstrating nuclear-localized gH2AX was significantly higher in CERM D1À/À (8.3%±1.0) compared to CERM glands (0.97%±0.27) (P ¼ 0.001, MannWhitney test; Figures 5a-c) . The mean percentage of MECs within TEBs with nuclear-localized pT-Chk2 was significantly higher in CERM D1À/À (43.07%±6.27) compared to CERM glands (1.38% ± 0.28) (Po0.0001, Mann-Whitney test; Figures 5d-f) . None of the CERM TEBs showed any epithelial cells with nuclear-localized pS-p53. In contrast, CERM D1À/À glands showed a significantly higher number of TEBs containing 1-10% of pS-p53-positive cells within the TEB (P ¼ 0.05, w 2 -test; Figures 5g and h) .
Downregulation of transgenic ERa before puberty rescued the CERM D1À/À mammary gland phenotype Rescue experiments were performed to prove that the phenotype was dependent upon the overexpression of transgenic ERa during puberty (Figures 6a and b) . CERM D1À/À mice were exposed to doxycycline during their prenatal life until they were 3 weeks of age when doxycycline administration was discontinued; mice were euthanized at 6 weeks of age. The CERM D1À/À phenotype was rescued by downregulation of transgenic ERa at 3 weeks of age indicating that cyclin D1 dependency for normal TEB development was only observed when ERa was overexpressed (Figures 6c and  d) . Rescued TEBs exhibited normal proliferative capacity and normal organization of body and cap cells (Figures 6e-g ). A series of experiments evaluating ovarian function confirmed that the phenotype was not secondary to altered ovarian physiology (Supplementary Data).
Transplantation of CERM D1À/À mammary epithelium into wild-type hosts did not rescue the CERM D1À/À mammary gland phenotype Mammary epithelial transplants were performed to investigate whether the CERM D1À/À phenotype was intrinsic to the epithelial cell compartment (Robinson et al., 2000) . Embryonic CERM D1À/À mammary epithelium was transplanted into the cleared fat pad of wild-type nude mice. Thus, the transplanted epithelia were exposed to normal circulating hormone levels and wild-type stroma throughout puberty. The TEBs present in the transplanted mammary gland showed the same aberrant phenotype as demonstrated by histological analysis of H&E serial sections (Figures 7a and b) and same pattern of immunohistochemical staining of markers previously examined in intact CERM and CERM D1À/À glands (Figures 7c-j ). These results demonstrate that the phenotype was intrinsic to the MECs.
Discussion
Cyclins D and E play a key role during G 1 to S phase progression of the cell cycle. It has been suggested that modestly elevated levels of cyclin D2 and D3 allow pubertal mammary gland development in cyclin D1À/À mice but the lobuloalveolar defect still persists (Yu et al., 2001). Genetic replacement of cyclin D1 by cyclin D2 compensates for cyclin D1 deficiency in the mammary gland (Carthon et al., 2005) . In our studies, we were unable to detect any difference in cyclin D2 and D3 expression between CERM and CERM D1À/À mammary glands. It has been shown that the genetic replacement of cyclin D1 with human cyclin E in transgenic mice rescues the cyclin D1-deficient phenotype (Geng et al., 1999) . It is important to note that in these knock-in mice, the expression of human cyclin E is driven by the cyclin D1 promoter. In contrast, in our study, cyclin E overexpression results from a pathophysiological response to deregulated and increased ERa expression in conjunction with cyclin D1 loss. In this situation, increased cyclin E levels are not able to rescue the cyclin D1-deficient phenotype. Human breast cancers that demonstrate cyclin E overexpression are associated with lower survival rates (Keyomarsi et al., 2002) . Regulation of cyclin E expression is critically important for cells and several groups have shown that cyclin E overexpression causes genetic instability, DNA damage and tumorigenesis (Spruck et al., 1999; EkholmReed et al., 2004; Bartkova et al., 2005; Minella et al., 2007) . Interestingly, hepatocellular carcinomas exhibiting both downregulation of cyclin D1 and overexpression of cyclin E have higher frequencies of p53 mutation and tumor invasion, and demonstrate the worst 4-year survival (Peng et al., 1998) . Similarly, in our studies, introduction of deregulated and increased ERa expression in the mammary gland in concert with cyclin D1 loss resulted in upregulation of cyclin E and DNA damage checkpoint activation leading to p53-dependent apoptosis.
The correct cellular organization of the TEB is essential for its development and function. Imbalanced proliferative and apoptotic rates in CERM D1À/À TEBs were accompanied by remarkable structural defects and cellular disorganization including exaggerated subcapsular spaces and infiltration of myoepithelial cells into the body cell compartment. Consequently, normal mammary gland morphogenesis was completely interrupted in CERM D1À/À mice. Interestingly, loss of normal epithelial function was followed by remarkable alterations in the stromal compartment including a marked decrease in the number of fat cells and an increase in the number of fibroblasts associated with abnormally high amounts of collagen deposition. Epithelial-stromal crosstalk is crucial for normal mammary gland development (Silberstein, 2001 ) and altered epithelial-stromal interactions can contribute to cancer progression (Wiseman and Werb, 2002) . These experiments represent an example of the fundamental parallels between pubertal mammary gland development and tumor initiation and progression: imbalanced proliferative and apoptotic rates, aberrant cell cycle control, DNA damage checkpoint activation, cellular disorganization and stromal alterations are all characteristics of abnormal development and carcinogenesis.
The CERM D1À/À phenotype was rescued by downregulation of transgenic ERa expression at 3 weeks of age. Those results indicate that cyclin D1 dependency for normal TEB development was only found when ERa was overexpressed. Absence of cyclin D1 in normal MECs results in normal ductal development suggesting that cyclin D1 is dispensable for proliferation of normal MECs. In contrast, cancerous MECs overexpressing ras and neu oncogenes are absolutely dependent on cyclin D1 for malignant transformation (Yu et al., 2001) . Similarly, in our study, absence of cyclin D1 in abnormal ERa-overexpressing MECs interrupted cell proliferation and led to apoptosis. The results presented here demonstrate that normal and abnormal MECs can have differential sensitivities to loss of cyclin D1. This differential requirement for cyclin D1 strongly supports the application of cyclin D1 inhibitors as therapeutic interventions in ERa-overexpressing breast cancers.
In summary, cyclin D1 loss in conjunction with ERa deregulation in the mammary gland resulted in a novel and absolute dependency upon cyclin D1 for MEC proliferation. An imbalance between proliferative and apoptotic rates in conjunction with remarkable structural defects in the TEBs interrupted ductal morphogenesis. Interestingly, the structure of the mammary fat pad was fundamentally altered as a consequence of increased ERa levels in the epithelial cell compartment in the absence of cyclin D1 illustrating how alterations in epithelial tissue function can impact surrounding stromal composition.
Materials and methods

Mice
Bigenic MMTV-rtTA/tetop-ERa (CERM) mice were bred to cyclin D1 knockout (D1À/À) mice to obtain CERM cyclin D1± mice, which were bred to obtain experimental nulliparous female CERM D1À/À mice. Control nulliparous female mice included in the study were non-transgenic, CERM, CERM cyclin D1 ± , cyclin D1 ± and cyclin D1À/À. Details about time course study are included in the Supplementary Data. Mice were maintained on special diet containing 200 mg doxycycline per kilogram food (Bio-Serv, Frenchtown, NJ, USA) during prenatal life until euthanized. A cohort of CERM D1À/À mice were maintained on doxycycline until 3 weeks of age when they were moved to regular diet until they were euthanized at 6 weeks of age. Mice were genotyped using PCR-based assays previously described (Sicinski et al., 1995; Frech et al., 2005) . Mice were maintained under the guidelines approved by the Georgetown University Animal Care and Use Committee.
Morphological and histological analyses of mammary glands
One number four mammary gland was collected and whole mounts were prepared as previously published (Frech et al., 2005) . The other gland was collected in formalin and embedded in paraffin using the standard techniques. Five micrometers H&E serial sections of the whole mammary gland were analysed. Details about cell counting methodology are included in the Supplementary Data. Digital photographs were taken using the Nikon Eclipse E800M microscope (Nikon Instruments Inc., Melville, NY, USA).
Immunohistochemistry
Detection of protein expression and cellular localization in mammary glands by immunohistochemistry was accomplished using Mouse on Mouse peroxidase kit and Vectastain Elite ABC Rabbit IgG kit (Vector Laboratories Inc.,. Burlingame, CA, USA) following the manufacturer's recommendations. A list of primary antibodies and cell counting methodology is included in the Supplementary Data. All inmunohistochemical procedures were performed in 6-week-old CERM and CERM D1À/À mammary glands and in CERM and CERM D1À/À mammary gland transplants. 
Mammary gland transplantation
Mammary epithelia were transplanted into cleared mammary fat pads as previously described (Robinson et al., 2000) . Details presented in Supplementary Data.
Statistical analyses
Means and SE were analysed using t-tests. Non-parametric data were analysed using Mann-Whitney, w 2 and Fisher's exact tests as appropriate (GraphPad Software, San Diego, CA, USA).
Significance was assigned at P-value less than or equal to 0.05.
